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We report measurements of the dynamics of isolated 8Li+ in single crystal rutile TiO2 using β-
detected NMR. From spin-lattice relaxation and motional narrowing, we find two sets of thermally
activated dynamics: one below 100K; and one at higher temperatures. At low temperature, the
activation barrier is 26.8(6)meV with prefactor 1.23(5)× 1010 s−1. We suggest this is unrelated
to Li+ motion, and rather is a consequence of electron polarons in the vicinity of the implanted
8Li+ that are known to become mobile in this temperature range. Above 100K, Li+ undergoes
long-range diffusion as an isolated uncomplexed cation, characterized by an activation energy and
prefactor of 0.32(2) eV and 1.0(5)× 1016 s−1, in agreement with macroscopic diffusion measurements.
These results in the dilute limit from a microscopic probe indicate that Li+ concentration does not
limit the diffusivity even up to high concentrations, but that some key ingredient is missing in the
calculations of the migration barrier. The anomalous prefactors provide further insight into both
Li+ and polaron motion.
I. INTRODUCTION
The mobility of lithium ions inserted into rutile TiO2
is exceptionally high and unmatched by any other in-
terstitial cation.1 Even at 300 K, the Li+ diffusion co-
efficient is as large as 10−6 cm2 s−1,2 exceeding many
state-of-the-art solid-state lithium electrolytes.3,4 More-
over, this mobility is extremely anisotropic,2 and rutile
is a nearly ideal 1D lithium-ion conductor. This is a
consequence of rutile’s tetragonal structure,5 which has
open channels along the c-axis that provide a pathway
for fast interstitial diffusion (see Fig. 1). This has, in
part, led to a keen interest in using rutile as an electrode
in lithium-ion batteries,6 especially since the advantages
of nanosized crystallites were realized.7 Simultaneously,
much effort has focused on understanding the lithium-ion
dynamics;8–18 however, many underlying details in these
studies are inconsistent with available experimental data.
For example, a small activation energy of around 50 meV
is consistently predicted,8–10,12,14–18 but measured barri-
ers are greater by an order of magnitude.2,19,20 This dis-
agreement is troubling considering the simplicity of both
the rutile lattice and the associated Li+ motion. One
explanation for the discrepancy is that most experimen-
tal methods sense the macroscopic ion transport, while
theory focuses on elementary microscopic motion. The
two would only be related if the macroscopic transport
were not strongly influenced by crystal defects, as might
be expected due to the highly one-dimensional mobility.
Thus, for a direct comparison with theory it is important
to have microscopic measurements of the Li+ dynamics.
The electronic properties of rutile are also of substan-
tial interest.21,22 While it is natively a wide band-gap
(3 eV) insulator, it can be made an n-type semiconduc-
tor by introducing electrons into vacant titanium 3d t2g
orbitals, reducing its valence from 4+ to 3+. This is eas-
ily achieved through optical excitation, extrinsic doping,
or by oxygen substoichiometry. Rather than occupying
delocalized band states, these electrons form small po-
larons, where the Ti3+ ion is coupled to a substantial
distortion of the surrounding oxygen octahedron. Po-
laron formation in rutile is not predicted by naive density
functional calculations, and to obtain it one must intro-
duce electron interactions.23 Recently, the polaron has
been studied optically24 and by electron paramagnetic
resonance (EPR).25 Compared to delocalized band elec-
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FIG. 1. The rutile structure.5 (A) Titanium-centred con-
ventional unit cell showing Ti (blue) and oxygen (red) ions.
Bonds (grey) are drawn to emphasize coordination. (B) View
along the 4-fold c-axis, revealing the channels for fast intersti-
tial Li+ diffusion. Lithium (green) are shown in the channel
centre (4c sites) surrounded by the blue Ti-centred octahedra.
(C) Off-axis view revealing the 1D channels.
trons, polaron mobility is quite limited and often exhibits
thermally activated hopping. Calculations predict that
the polaron mobility, like interstitial Li+, is also highly
anisotropic, with fast transport along the c-axis stacks of
edge sharing TiO6 octahedra.12,23,26,27 Importantly for
our results, the positive charge of an interstitial cation
like Li+ can bind the polaron into a Li+-polaron complex,
effectively coupling the electronic and ionic transport.28
Even before this complex was observed by EPR and elec-
tron nuclear double resonance (ENDOR),29 its effect on
the mobility of Li+ was considered theoretically.12,30
To study lithium-ion dynamics in rutile, a technique
sensitive to the local environment of Li+ is desirable.
Nuclear magnetic resonance (NMR) is a sensitive micro-
scopic probe of matter with a well-developed toolkit for
studying ionic mobility in solids.31–39 In particular, spin-
lattice relaxation (SLR) measurements provide a means
of studying fast dynamics. They are sensitive to the tem-
poral fluctuation in the local fields sensed by NMR nuclei,
which induce transitions between magnetic sublevels and
relax the ensemble of spins towards thermal equilibrium.
When these stochastic fluctuations induced by, for ex-
ample, ionic diffusion, have a Fourier component at the
Larmor frequency (typically on the order of MHz)
ωL = 2piνL = 2piγB0, (1)
where γ is the gyromagnetic ratio of the NMR nucleus
and B0 is the applied magnetic field, the SLR rate
λ = 1/T1 is maximized. Complementary information
can be obtained from motion induced changes to the
resonance lineshape. In the low temperature limit, the
static NMR lineshape is characteristic of the lattice site,
with features such as the quadrupolar splitting and mag-
netic dipolar broadening from the nuclei of neighboring
atoms. As temperature increases and the hop rate ex-
ceeds the characteristic frequency of these spectral fea-
tures, dynamic averaging yields substantially narrowed
spectra with sharper structure. This phenomenon is col-
lectively known as “motional narrowing” and is sensitive
to slow motion with rates typically on the order of kHz.
Together, SLR and resonance methods can provide direct
access to atomic hop rates over a dynamic range up to
nearly 6 decades.
Here, we use β-detected NMR (β-NMR)40,41 to mea-
sure the Li+ dynamics in rutile. Short-lived 8Li+ ions
are implanted at low-energies (∼20 keV) into single crys-
tals of rutile, and their NMR signals are obtained by
monitoring the 8Li nuclear spin-polarization through the
anisotropic β-decay. 1/T1 measurements reveal two sets
of thermally activated dynamics: one low-temperature
process below 100 K and another at higher temperatures.
The dynamics at high temperature is due to long-range
Li+ diffusion, in agreement with macroscopic diffusion
measurements, and corroborated by motional narrowing
of the resonance lineshape. We find a dilute-limit activa-
tion barrier of 0.32(2) eV, which is consistent with macro-
scopic diffusivity, but inconsistent with theory. We sug-
gest that the dynamics below 100 K and its much smaller
activation barrier are related to the low-temperature ki-
netics of dilute electron polarons.
The paper is organized as follows: Section II details
the methods used. The results of spin lattice relaxation
and resonance measurements and their analysis form sec-
tion IIIA and III B, respectively. A detailed discussion
including comparison to the extensive literature is pre-
sented in section IV, and a summary is given in section V.
The appendices give some further detail on the spin lat-
tice relaxation model (Appendix A) and on the candidate
site for interstitial Li+ (Appendix B).
II. EXPERIMENT
β-NMR experiments were performed at TRIUMF in
Vancouver, Canada. A low-energy ∼20 keV hyperpolar-
ized beam of 8Li+ was implanted into rutile single crys-
tals mounted in one of two dedicated spectrometers.41–44
The incident ion beam has a typical flux of ∼106 ions/s
over a beam spot ∼3 mm in diameter. At these im-
plantation energies, the 8Li+ stop at average depths of
at least 100 nm,45 as calculated by the SRIM Monte
Carlo code.46 Spin-polarization was achieved in-flight by
collinear optical pumping with circularly polarized light,
yielding a polarization of ∼70 %.47 The samples are one-
side epitaxially polished (roughness < 0.5 nm), commer-
cial substrates with typical dimensions 8× 10× 0.5 mm3
(Crystal GmbH, Berlin). All the samples were trans-
parent to visible light, but straw-coloured, qualitatively
indicating a minor oxygen deficiency.48 The probe nu-
cleus, 8Li, has nuclear spin I = 2, gyromagnetic ratio
3γ = 6.3016 MHz T−1, nuclear electric quadrupole mo-
ment Q = +32.6 mb, and radioactive lifetime τβ = 1.21 s.
In all the β-NMR measurements, the nuclear spin-
polarization of 8Li is monitored through its anisotropic
β-decay, and the observed asymmetry of the β-emissions
is proportional to the average longitudinal nuclear spin-
polarization.40,41 The proportionality factor, A0, is deter-
mined by the β-decay properties of 8Li and the detection
geometry of each experiment.
SLR measurements were performed by monitoring the
transient decay of spin-polarization both during and fol-
lowing a short pulse of the 8Li+ beam.49,50 During the
pulse, the polarization approaches a steady-state value,
while following the pulse, it relaxes to ∼0. This pro-
duces a pronounced kink at the end of the beam pulse,
characteristic of β-NMR SLR spectra (see Fig. 2). Note
that no radio-frequency (RF) field is required for the
SLR measurements, as the probe spins are implanted in
a spin state already far from equilibrium. As a result,
just opposite to conventional NMR, it is faster and eas-
ier to measure SLR than to measure the resonance, but
as a corollary, this type of relaxation measurement has
no spectral resolution. It represents the spin relaxation
of all the 8Li in the sample, not only those correspond-
ing to measurable resonances. SLR rates in rutile were
measured from 5–300 K under applied magnetic fields of:
1.90 T and 6.55 T parallel to the TiO2 (100); and 10 mT
and 20 mT perpendicular to the TiO2 (100).
In a continuous 8Li+ beam, resonances were ac-
quired in the high-field spectrometer44 with a continuous
wave (CW) transverse RF magnetic field stepped slowly
through the 8Li Larmor frequency. The spin of any on-
resonance 8Li is precessed rapidly by the RF field, re-
sulting in a loss in time-averaged asymmetry. The evo-
lution of the resonance was recorded over a temperature
range of 10 K to 315 K with a highly-homogeneous mag-
netic field of 6.55 T parallel to the TiO2 (100). The res-
onance frequency was calibrated against that in single
crystal MgO (100) at 300 K,51 with the superconducting
solenoid persistent. A typical relaxation measurement
takes about 20 min, while a resonance measurement re-
quires about 1 h.
III. RESULTS AND ANALYSIS
A. Spin-Lattice Relaxation
Typical SLR data at high and low field are shown in
Fig. 2 for several temperatures. In high magnetic fields,
the relaxation is remarkably fast compared to other ox-
ide insulators,51–53 consistent with an earlier report in an
intermediate field of 0.5 T.54 It is also immediately evi-
dent that the SLR rates are strongly dependent on both
temperature and field. The rate of relaxation increases
monotonically as the magnetic field is decreased towards
zero, see Fig. 2. At fixed field, however, the tempera-
ture dependence of the relaxation is nonmonotonic, and
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FIG. 2. SLR spectra of 8Li+ in rutile with B0 = 6.55T ‖
(100) [left] and 10mT ⊥ (100) [right]. The relaxation becomes
faster with decreasing magnetic field and is a non-monotonic
function of temperature. The solid lines are a fit to biex-
ponential relaxation function [Eq. (2)] convoluted with a 4 s
square beam pulse.49,50 These fit curves were obtained from
a global fitting procedure where a temperature independent
overall amplitude A0 is shared for all spectra at each field,
as described in the text. The spectra have been binned by a
factor of 20 for clarity.
there is at least one temperature where the relaxation
rate is locally maximized. Moreover, the temperature
of the relaxation rate peak is field-dependent, increasing
monotonically with increasing field.
To make these observations quantitative, we now con-
sider a detailed analysis. The relaxation is not single ex-
ponential at any field or temperature, but a phenomeno-
logical biexponential relaxation function, composed of
fast and slow relaxing components yields a good fit. For
an 8Li+ ion implanted at time t′, the spin polarization at
time t > t′ follows:49,50
R(t, t′) = fslowe−λslow(t−t
′) + (1− fslow)e−λfast(t−t′), (2)
where the rates are λfast/slow = 1/T fast/slow1 , and fslow ∈
[0, 1] is the slow relaxing fraction. We discuss possible
origins for biexponential R(t, t′) in Appendix A.
With this model, all the data at each field are fit si-
multaneously with a shared common initial asymmetry
(A0) using the MINUIT55 minimization routines within
ROOT56 to find the optimum global nonlinear least-
squares fit. Notice that the statistical error bars are
highly inhomogenous with time, characteristic of the ra-
dioactive 8Li decay. During the beam pulse, the un-
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FIG. 3. Results from the analysis of the SLR measurements
using Eq. (2) at high- and low-field. Shown are the fraction
of the slow relaxing component (top) and the slow relaxation
rate (bottom). fslow is surprisingly both temperature- and
field-dependent, but increases towards 1 by 300K. The quali-
tative features of the SLR spectra in Fig. 2 can be seen clearly
in the two field-dependent rate maxima in 1/T slow1 . The solid
red line is drawn to guide the eye.
certainty decreases with time as the statistics increase,
reaching a minimum at the trailing edge of the 4 s beam
pulse. Following the pulse, the error bars grow expo-
nentially as exp(−t/τβ), e.g. Fig. 2. Accounting for this
purely statistical feature of the data is crucial in the anal-
ysis. A subset of the results are shown as solid coloured
lines in Fig. 2. The fit quality is good in each case (global
χ˜2 ≈ 1.1). The relaxation rates of the two components
are very different with λfast > 20λslow, and the analysis
distinguishes them clearly.
The main fit results are shown in Fig. 3. Consistent
with the qualitative behaviour of the spectra in Fig. 2, the
relaxation rate exhibits two maxima at each field. This
is most apparent in the slow relaxing component at high
magnetic field, while at low field, the low temperature
peak is substantially broadened. Generally, a maximum
in the relaxation rate occurs when the average fluctua-
tion rate matches the Larmor frequency,31–39 while the
detailed temperature dependence λ(T ) depends on the
character of the fluctuations.
Though the two relaxing components share similari-
ties in their temperature dependence (Fig. 3 and Ap-
pendix A), we emphasize that the slow relaxing compo-
nent is the more reliable. Even though the sample is
much larger than the incident ion beamspot, backscat-
tering can result in a small fraction of the 8Li+ stop-
ping outside the sample which typically produces a cor-
respondingly small fast relaxing asymmetry.41 At high
field, where 8Li+ relaxation is generally slow, most ma-
terials show such a fast relaxing component easily dis-
tinguishable from the features of interest; however, when
quadrupolar relaxation is present, which results in multi-
exponential relaxation for high-spin nuclei57–59 (see Ap-
pendix A), distinguishing the background contribution
from an intrinsic fast component becomes difficult. At
low fields, a background is even harder to isolate as 8Li+
relaxation is typically fast under these conditions. There-
fore, even though the slow component is a minority frac-
tion at low field (see Fig. 3), we assert that it is the
more reliable. The fact that, as discussed in the follow-
ing sections, we are able to reproduce material properties
observed with other techniques is strong confirmation of
the appropriateness of this choice.
B. Resonance
We now turn to the measurements of the 8Li reso-
nance spectrum at B0 = 6.55 T. As expected in a non-
cubic crystal, the NMR is split into a multiplet pattern
of quadrupole satellites by the interaction between the
8Li nucleus and the local electric field gradient (EFG)
characteristic of its crystallographic site. As seen in
Fig. 4A, the resonance lineshape changes substantially
with temperature. At 10 K, it is broad with an overall
linewidth of about 40 kHz, near the maximum measur-
able with the limited amplitude RF field of this broad-
band spectrometer.42,44 Some poorly resolved satellite
structure is still evident though. As the temperature in-
creases, the intensity of the resonance increases consider-
ably with only limited narrowing. Above 45 K, however,
the resonance area decreases dramatically and is minimal
near 100 K. As the temperature is raised further, the
quadrupolar splitting becomes more evident, especially
above 130 K. Moreover, the sharpening of these spec-
tral features coincides with a reduction in the breadth
of line, along with another increase in signal intensity.
These high-temperature changes are qualitatively con-
sistent with motional narrowing for a mobile species in a
crystalline environment. By room temperature, the spec-
trum is clearly resolved (see Fig. 4B) into the expected
pattern of 2I single quantum (|∆m| = 1) quadrupole
satellites interlaced with narrower double quantum tran-
sitions. The well-resolved quadrupolar structure indi-
cates a well-defined time-average EFG experienced by a
large fraction of the 8Li at this temperature. At all tem-
peratures, the centre of mass of the line is shifted to a
lower frequency relative to 8Li+ in MgO at 300 K. Note
that the resonances in Fig. 4 are all normalized to the off-
resonance steady state asymmetry, which accounts for all
the variation of signal intensity due to spin-lattice relax-
ation.60
The scale of the quadrupolar interaction is the
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FIG. 4. 8Li+ resonance in rutile TiO2 with 6.55T ‖ (100).
(A) Temperature dependence of the resonance. Note that
both the vertical and horizontal scales are the same for each
spectra, which are offset for clarity. The zero-shifted position
is taken as the resonance frequency of 8Li+ in MgO at 300K.
The lineshape changes substantially with temperature. No-
tice that it is most intense at 25K, but quickly diminishes as
the temperature is raised. At higher temperatures, motional
narrowing is apparent and the quadrupolar structure becomes
clearly visible. (B) High-resolution spectrum at 300K. The
quadrupolar statellite transitions are clearly visible, includ-
ing narrow double-quantum transitions (DQTs) [positions in-
dicated by DQT] interlaced between the satellites. The solid
orange line is a fit described in the text.
quadrupole frequency:61
νq =
e2qQ
4h , (3)
where the eq is the principal component of the EFG ten-
sor. From the spectra, the splitting is on the order of a
few kHz, small relative to the Larmor frequency. In this
limit, the single quantum satellite positions are given ac-
curately by first order perturbation theory as:61
νi = ν0 − ni νq2 f(θ, φ), (4)
where ni = ±3(±1) for the outer (inner) satellites, and f
is a function of the polar and azimuthal angles angles θ
and φ between the external field and EFG principal axis
system:
f(θ, φ) = 12
(
3 cos2 θ − 1 + η sin2 θ cos 2φ) . (5)
Here, η ∈ [0, 1] is the asymmetry parameter for the EFG,
which is zero for axial symmetry. The spectrum thus con-
sists of 4 satellites split symmetrically about ν0. Unlike
the more common case of half-integer spin, there is no
unshifted “main line” (the m = ±1/2 transition). The
satellite intensities are also different from conventional
NMR, being determined mainly by the high degree of
initial polarization that increases the relative amplitude
of the outer satellites.47
We now consider a detailed analysis of the resonances.
In agreement with an earlier report,45 the anti-symmetry
in helicity-resolved spectra41 reveals the resonance is
quadrupole split at all temperatures; however, below
100 K the splitting is not well resolved, and an attempt
to fit the spectra to a sum of quadrupole satellites proved
unsuccessful. Instead, we use a single Lorentzian in this
temperature region to approximate the breadth of the
line. At higher temperatures, where the satellite lines be-
come sharper, a sum of Lorentzians centred at positions
given by Eq. (4) (including interlacing double-quantum
transitions close to room temperature)41 with all m-
quanta satellites sharing the same linewidth. From the
fits, we extract: the central frequency ν0; the quadrupole
splittings νq; and the overall/satellite linewidths. From
ν0, we calculate the frequency shift δ relative to 8Li+ in
MgO at 300 K in parts per million (ppm) using:
δ = ν0 − νMgO
νMgO
. (6)
Additionally, the normalized resonance area was esti-
mated following a procedure that removed any effect of
SLR on the line intensity using a baseline estimation algo-
rithm.62 This allowed for a common integration scheme,
independent of a particular fit model.
The results of this analysis are shown in Fig. 5. Though
the scatter in the quantities extracted are largest near
100 K, where the resonance is weakest, the qualitative
trends noted above are evident. At low temperatures,
the resonance is both widest and most intense, narrowing
only modestly approaching 100 K. The resonance area
is clearly largest around 25 K, but quickly diminishes
to a minimum around 100 K. At higher temperatures
where the quadrupolar structure is better resolved, the
satellites have a nearly temperature independent width
of ∼4.8 kHz. The apparent νq reduces gradually from
∼3.8 kHz to nearly half that value by 200 K. This re-
duction in splitting coincides with an increase in area,
consistent with the picture of motional averaging of the
quadrupolar interaction.63,64 This implies a fluctuation
rate on the order of ∼2× 104 s−1 by ∼140 K (TMN in
Fig. 5). The resonance shift δ is both small and negative
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FIG. 5. Results for the analysis of the resonance mea-
surements at high field. Shown (from top to bottom) are
the temperature dependence of the: linewidths, quadrupole
frequency, resonance shift, and integrated area. In qualita-
tive agreement with the normalized spectra, the resonance
is broadest at low temperatures, and gradually reduces in
breadth as the temperature is raised. Above 100K the
quadrupole satellites become resolved and their splitting is
gradually reduced by a factor of ∼2 by 200K. An estimate
of the motional narrowing temperature TMN and an associ-
ated hop rate τ−1(TMN) is indicated. The line is clearly most
intense at low temperatures, as indicated by the resonance
area, even though it is broadest here.
at all temperatures, gradually increasing towards zero as
the temperature is raised.
IV. DISCUSSION
The remarkably fast and strongly temperature depen-
dent spin-lattice relaxation at high magnetic field implies
an exceptional relaxation mechanism for 8Li in rutile dis-
tinct from other oxide insulators.51–53 The occurrence of
a T1 minimum indicates some spontaneous fluctuations
are present that are: 1) coupled to the nuclear spin; and
2) their characteristic rate sweeps through the NMR fre-
quency at the temperature of the minimum. Diffusive
motion of 8Li+ through the lattice provides at least one
potential source of such fluctuations, as is well estab-
lished in conventional NMR;31–39 however, without as-
suming anything about the particular fluctuations, we
extract the temperatures Tmin of the two T1 minima (see
Fig. 3), by simple parabolic fits, at several magnetic fields
corresponding to NMR frequencies spanning three or-
ders of magnitude. This approach has the advantage of
not relying on any particular form of the NMR spectral
density function J(ωL),65 which is proportional to 1/T1.
Note that there is a clear field dependence to the high-
temperature flanks of the T1 minima in Fig. 3 (i.e., they
do no coalesce at high temperatures). This indicates that
the fluctuations are not the result of a 3D isotropic pro-
cess,31 but rather one that is spatially confined to lower
dimensions.32,66 Note that for a 1D process (as might be
expected in rutile), one needs to account for the charac-
teristic non-Debye fluctuation spectrum,67,68 where only
the asymptotic form is known.32,66
Identifying the inverse correlation time of the fluctu-
ations τ−1(Tmin) with the NMR frequency ωL [Eq. (1)],
we construct an Arrhenius plot of the average fluctuation
rate in Fig. 6. The value of this approach is evident in
the linearity of the results which indicates two indepen-
dent types of fluctuations each with a characteristic acti-
vated temperature dependence. To this plot, we add the
estimate of the fluctuation rate causing motional narrow-
ing of the resonance spectra (see νq(T ) in Fig. 5), where
τ−1(TMN) matches the static splitting of the line, further
expanding the range of τ−1. That this point lies along
the steeper of the two lines is a strong confirmation that
the same fluctuations responsible for the high tempera-
ture T1 minimum cause the motional narrowing. Linear
fits to a simple Arrhenius relationship,
τ−1 = τ−10 e−EA/(kBT ), (7)
where T is the temperature, kB the Boltzmann constant,
EA the activation energy, and τ−10 the prefactor, yield:
τ−10 = 1.23(5)× 1010 s−1 and EA = 26.8(6) meV for the
shallow slope, low-temperature fluctuations; and τ−10 =
1.0(5)× 1016 s−1 and EA = 0.32(2) eV for the steep high
temperature fluctuations.
The motional narrowing above 100 K is clear evidence
that the corresponding fluctuations are due to long-range
diffusive motion of 8Li+. Unlike liquids, where motion
causes the broad solid state lines to collapse to a single
narrow Lorentzian, fast interstitial diffusion in a crystal
averages only some of the features of the lineshape, e.g.,
see the 7Li spectra in Li3N.69 In particular, since the
quadrupole splitting (the major spectral feature of the
8Li resonance in rutile), is finite at every site, fast motion
between sites results in an averaged lineshape consisting
of quadrupole satellites split by an average EFG of re-
duced magnitude, see Fig. 4. From this we conclude that
the rate τ−1 for the steep high temperature fluctuations
in Fig. 6 should be identified with the rate of activated
hopping of 8Li+ between adjacent sites — the elementary
atomic process of diffusion in a crystal lattice. Further
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confirmation of this identification comes from the excel-
lent agreement of the activation energy with macroscopic
diffusion measurements based on optical absorption2 and
impedance spectroscopy.19
For a closer comparison with these experiments, we
convert our hop rates to diffusivity via the Einstein-
Smolouchouski expression:
D = f l
2
2dτ , (8)
where l is the jump distance, d = 1 is the dimensionality,
and f is the correlation factor, assumed to be unity for
direct interstitial diffusion. Using l ≈ 1.5Å, based on the
ideal rutile lattice (details of the precise site of 8Li+ are
discussed below), and compare the results to D measured
by other methods in single crystal,2 thin film,70,71 and
nanocrystalline19 rutile in Fig. 7. The agreement in acti-
vation energy is apparent in the similarity of the slopes,
but our D is somewhat larger than the macroscopic dif-
fusivity due to a larger prefactor. In our measurements
8Li+ is essentially in the dilute limit, while the bulk mea-
surements have much higher concentrations. One might
expect repulsive Li+−Li+ interactions would inhibit ionic
transport, and yield a smaller macroscopic D; however,
the agreement in EA with the macroscopic D, where the
(Li/Ti) concentration is as high as 30 %,19 implies the
barrier is very insensitive to concentration, probably due
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FIG. 7. Arrhenius plot of the Li+ diffusion coefficient in
rutile estimated from the 8Li+ hop rate extracted in Fig. 6
using the Einstein-Smolouchouski expression [Eq. (8)] with
f = 1, d = 1, and l = 1.5Å. Literature values obtained from
rutile single crystals,2 nanoparticles,19 and thin films70,71 are
shown for comparison. Note that the concentration of lithium
varies greatly in the reported values. While a clear deviation
in the magnitude of D is observed for different forms of rutile,
the similarity of EA implies a common diffusion mechanism.
to strong screening of the Coulomb interaction by the
high dielectric response of rutile.72 Alternatively, Eq. (8)
shows that either overestimating the jump distance l or
the presence of correlated hopping (that reduces f from
unity)73 would lead to an overestimate of D and might
account for some of the discrepancy. Note that isotopic
mass effects on D are expected to be negligible.74
While our EA agrees well with macroscopic measure-
ments,2,19 it disagrees with theory by nearly an order of
magnitude.8–18 Generally EA is a more robustly deter-
mined quantity than the absolute value of D at a sin-
gle temperature, which may exhibit dependence on both
sample2 and measurement technique, e.g., Fig. 7. More-
over, several calculations also predict a strong EA de-
pendence on Li+ concentration,11,14,16 inconsistent with
our results. While a concentration dependence to D has
been observed,2,19 it must find an explanation other than
a change in EA. From this we conclude that some ingre-
dient is missing in the theoretical treatments, possibly
related to the lattice relaxation around interstitial Li+
that has a strong effect on the calculated barrier.9,10 Our
result is also inconsistent with the suggestion12 that the
higher barrier is characteristic of diffusion of the Li+-
polaron complex instead of simply interstitial Li+. We
discuss this point at more length below.
We turn now to the fluctuations that predominate be-
8low 100 K and cause the low temperature T1 minimum.
While, we cannot be as conclusive about their origin,
we delineate some interesting possibilities. In contrast
to the long-range diffusive behaviour at higher tempera-
ture, the small activation energy we find is in the range of
barriers obtained from molecular dynamics12,14,15,18 and
density functional8–10,14,16,17 calculations for interstitial
Li+; however, this appears to be coincidental, since the
absence of motional narrowing in this temperature range
is inconsistent with long-range motion.
On the other hand, the relaxation may be caused by
some highly localized Li+ motion at low temperature.
Local dynamics of organic molecules in solids are well-
known, for example the rotation of methyl groups of
molecules intercalated into crystalline hosts, where they
can cause some limited dynamic averaging of the NMR
lineshape63 and relaxation.75 Analogous effects are found
for some point defects in crystals. For example, a small
substitutional cation may adopt one of several equiva-
lent off-centre sites surrounding the high symmetry site
of the large missing host cation, and subsequently hop
randomly among these sites within the anionic cage, e.g.,
Ag+ in RbCl.33
To expand further on this possibility, we now consider
the 8Li+ site in rutile in more detail. When Li is intro-
duced either thermally or electrochemically, it is known
to occupy the open channels along the c-axis. Two high-
symmetry sites are available here: the Wyckoff 4c site
within a distorted oxygen octahedron; and the 4d quasi-
tetrahedral site, but the precise location remains contro-
versial and may depend on Li concentration.7,76,77 Al-
though ion implantation is far from a thermal process,
the implanted ion often stops in the most energetically
stable site in the unit cell. From first-principles, the low-
est energy site for isolated Li+ is 4c along the centre of
the c-axis channel,12,14,16,17 see Fig. 1B and C. In dis-
agreement with these calculations, an off-centre site near
4c has been predicted,8–10 but this seems unlikely given
the modest size of the quasi-octahedral cage compared
to the Li+ ionic radius.78 Metastable sites outside the
channels (in the stacks of TiO6 octahedra) have substan-
tially higher energies8–10,18 and would also be charac-
terized by much larger EFGs and quadrupole splittings
(in Appendix B, we consider the prospects for using the
quadrupole splitting to determine the 8Li+ site). If, on
the other hand, 8Li+ stops at a metastable site along the
channels, such as 4d, it would have a very small barrier
to moving to the nearest 4c site. Thus, while we cannot
rule out some local motion of 8Li+ at low temperature,
we regard it as unlikely. Moreover, it is not clear how lo-
cal motion could account for the temperature evolution
of the resonance area, whose main feature is a peak in
intensity below 50 K, see Fig. 4.
We now consider another source of low T fluctuations,
namely the electron polaron, which, for simplicity, we
denote as Ti′Ti. The polaron is only slightly lower in
energy (0.15 eV) than the delocalized electronic state (e′)
at the bottom of the rutile conduction band.21,26 We can
write the localization transition as:
TiTi + e′ ⇀↽ Ti′Ti.
Having localized, the polaron can migrate in an activated
manner, with a calculated EA that may be as low as
∼30 meV for adiabatic hopping along the c-axis stacks of
TiO6 octahedra.12,23,26,27 Note that polaron localization
also results in the formation of a local electronic magnetic
moment — the polaron is a paramagnetic defect — as
is clearly confirmed by EPR.25 At low temperature, the
polaron is likely weakly bound to other defects such as an
oxygen vacancies, from which it is easily freed.79,80 If the
one dimensionally mobile polaron and interstitial Li+ on
adjacent sublattices come into close proximity, they may
form a bound state:
Li·i + Ti′Ti ⇀↽ Li·i−Ti′Ti,
that is a charge-neutral paramagnetic defect complex
that has been characterized by EPR and ENDOR.29 The
complex is predicted to be quite stable,12 but its EPR
signal broadens and disappears above about 50 K.29 The
complex is also expected to be mobile via a tandem hop-
ping process.12
8Li+ bound to a polaron will have a very different NMR
spectrum than the isolated interstitial. The 3+ charge
of the nearby Ti′Ti will alter the EFG and modify the
quadrupole splitting, but the magnetic hyperfine field of
the unpaired electron spin is an even larger perturbation,
so strong in fact, that complexed 8Li+ will not contribute
at all to the resonances in Fig. 4, since, based on the EN-
DOR29 their resonance frequency is shifted by at least
350 kHz. For this reason we also exclude the possibil-
ity that the high temperature dynamics corresponds to
motion of the Li·i−Ti′Ti complex. There is no evidence
that its spin polarization is wiped out by fast relaxation
which would result in a missing fraction in Fig. 2. How-
ever, if immediately after implantation the 8Li+ is free
for a time longer than the period of precession in the RF
field (∼1 kHz), it will contribute to the resonance before
binding with a polaron. Similarly, if the Li·i−Ti′Ti com-
plex undergoes cycles of binding and unbinding at higher
temperature, provided it is unbound for intervals compa-
rable to the precession period, it will participate in the
resonance. In analogy with the closely related technique
of RF muon spin resonance (RF-µSR),81 one can thus use
the resonance amplitude of the diamagnetic 8Li+ in Fig. 4
to follow kinetic processes involving the implanted ion,
e.g., the hydrogenic muonium defect in silicon.82 Along
these lines, we suggest that the nonmonotonic changes
in resonance amplitude at low temperature reflect dy-
namics of the Li+-polaron complexation. The sample in
our measurements is nominally undoped, and we expect
the main source of polarons is oxygen substoichiometry.
From its color,48 it could have oxygen vacancies at the
level of 0.1 % or less and polarons resulting from these
vacancies are known to become mobile below 50 K.79,80
Alternatively, polarons may result from electron-hole ex-
citations created by the implantation of 8Li+.
9The large increase in resonance area between 10 and
25 K implies some form of slow dynamics on the timescale
of the 8Li lifetime τβ . This could be a modulation of the
EFG, but more likely it is a magnetic modulation re-
lated to the polaron moment as it mobilizes. This is not
motional narrowing, but rather a slow variation in the
resonance condition, such that the applied RF matches
the resonance frequency for many more 8Li at some point
during their lifetime. The increase of intensity then cor-
responds to the onset of polaron motion, while the loss
in intensity with increasing temperature is due to for-
mation of the Li+-polaron complex, and the fluctuations
from this motion also become fast enough to produce the
T1 minimum. The complex does not survive to high tem-
peratures, though, and, based on the resonance intensity,
the motionally narrowed quadrupolar split resonance at
high temperature corresponds to nearly all of the 8Li.
The EA from the low temperature slope in Fig. 6 is re-
markably compatible with the thermal instability of the
intrinsic (unbound) polaron in rutile,12,23,25–27,29 consis-
tent with this picture.
Aside from the activation energies, the prefactors τ−10
from Eq. (7) may provide further information on the
processes involved. For atomic diffusion, the prefactor
is often consistent with a vibrational frequency of the
atom in the potential well characteristic of its crystalline
site, typically 1012–1013 s−1. Prefactor anomalies refer to
any situation where τ−10 falls outside this range.83 From
Fig. 6, we see that τ−10 for the high temperature dynam-
ics is anomalously high, while for the low temperature
process it is anomalously low. Within thermodynamic
rate theory:84,85
τ−10 = ν˜0e∆S/kB , (9)
where ∆S is the entropy of migration,86 and ν˜0 is the
attempt frequency. For closely related processes, ∆S
is not independent of EA, giving rise to Meyer-Neldel
(enthalpy-entropy) correlations between the Arrhenius
slope and intercept,87–89 but independent of such cor-
relations, a prefactor anomaly may simply result from
∆S/kB being substantially different from 1.
We first consider the high temperature prefactor, not-
ing that the bulk diffusivity also shows an unusually large
D0.2 Prefactors of this magnitude are uncommon, but
not unprecedented. For example, 7Li NMR in LiF at
high temperature yields a comparably large τ−10 for va-
cancy diffusion in the “intrinsic” region.90 Similarly, a
large prefactor is observed from 19F NMR in superionic
PbF2.91 The latter case was attributed, not to motion of
an isolated fluoride anion, but rather to the total effect of
all the mobile interstitial F−, whose concentration is also
activated. This may also explain the LiF prefactor, but
it clearly does not apply to the extrinsic implanted 8Li+
in the dilute limit. With the advent of sensitive atomic
resolution probes of surfaces in the past few decades, a
very detailed picture of diffusion on crystal surfaces has
emerged,92,93 which can help to refine our ideas about
bulk diffusion. For example, in some cases, the Arrhenius
prefactor of adatoms diffusing along a step edge is signif-
icantly enhanced over a flat terrace.94 Like the channels
in rutile, step edges consist of a 1D array of vacant sites,
but the direct relevance is not clear, since the adatoms
are generally far from the dilute limit. We suggest that
most reasonable explanation of the high τ−10 for long-
range diffusion of Li+ in rutile is a large ∆S which can
result from a ballistic picture of hopping.86 Similarly, a
(Li/Ti) concentration dependence of ∆S may contribute
to the observed concentration dependence of D.2,19
A more common and widely discussed case is a small
prefactor as we find at low temperature. Low prefactors
are often encountered in superionic conductors both in
NMR32,95 and transport measurements, where they have
been attributed to a breakdown of rate theory96 or to low
dimensionality that is often found for these structures97
(the latter certainly applies to rutile). However, as ar-
gued above, the low temperature 8Li relaxation likely
reflects polaron dynamics rather than Li+ motion. Evi-
dence for this comes from the low temperature evolution
of the electronic conductivity of lightly deoxidized ru-
tile that shows a resistivity minimum at about 50 K.80
The complex low temperature behavior of rutile prob-
ably combines polaron binding to defects79,80 with in-
trinsic polaronic conductivity and the instability to de-
localize.26 Prefactors for defect-bound polarons at low
temperature are significantly lower than our τ−10 .79 It
would be interesting to compare our prefactor with the
activated disappearance of the EPR25,29 to test the con-
nection between these two phenomena with very similar
activation energies.
V. CONCLUSION
In summary, using low-energy ion-implanted 8Li β-
NMR, we have studied the dynamics of isolated 8Li+
in rutile TiO2. Two sets of thermally activated dynam-
ics were found: one below 100 K; and one at higher-
temperatures. At low temperature, an activation barrier
of 26.8(6) meV is measured with an associated prefactor
of 1.23(5)× 1010 s−1. We suggest this is unrelated to Li+
motion, and rather is a consequence of electron polarons
in the vicinity of the implanted 8Li+ that are known to
become mobile in this temperature range. Above 100 K,
Li+ (not polaron complexed) undergoes long-range dif-
fusion, characterized by an activation energy and prefac-
tor of 0.32(2) eV and 1.0(5)× 1016 s−1, in agreement with
macroscopic measurements. These results in the dilute
limit from a microscopic probe indicate that Li+ con-
centration does not limit the diffusivity even up to high
concentrations, but that some key ingredient is missing
in the calculations of the barrier. Low temperature po-
laronic effects may also play a role in other titanate Li+
conductors, such as the perovskites98 and spinels.99 The
present data, combined with EPR and transport studies,
will further elucidate their properties.
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FIG. 8. Results from the analysis described in Section IIIA
of the SLR measurements using Eq. 2 at high- and low-field.
Shown are the ratio of the fast/slow relaxation times (top)
and the fast relaxation rate (bottom). The ratio varies weakly
with temperature and is field independent for much of it, devi-
ating only in the vicinity of T slow1 (Tmin). Some of the features
clearly seen in 1/T slow1 are apparent in 1/T fast1 (cf. Fig. 2),
but much less pronounced, especially at high field.
Appendix A: Biexponential Relaxation
Following the analysis described in Section IIIA, the
fast relaxing component extracted from fitting the SLR
measurements at high- and low-field to a biexponential
relaxation [Eq. (2)] is shown in Fig. 8. While some of the
qualitative features seen in the slow component at low
temperatures are apparent in 1/T fast1 , they are much less
pronounced at high field (see Fig. 3). The monotonic in-
crease in 1/T fast1 above ∼150 K contrasts the behaviour of
the slow component and dominates over any local max-
ima that may be present. Interestingly, the ratio of re-
laxation times T fast1 /T slow1 varies only weakly with tem-
perature and remains field-independent over much of the
temperature range. Deviations from a field-independent
ratio occur near the local maxmina in 1/T slow1 , clearly
visible in Fig. 3.
We now consider what might produce the biexponen-
tial relaxation R(t, t′) [Eq. (2)]. A fraction of the im-
planted 8Li+ stopping at a metastable crystallographic
site at low temperature would show distinct resonance
and relaxation, e.g., 8Li+ in simple metals.60 This would,
however, be independent of applied field and would ex-
hibit a very different temperature dependence from the
in-channel diffusing site. As we find no clear evidence
for multiple sites in the resonance analysis or field-
independent activated modulation of the SLR rates, we
conclude a secondary site cannot be the source of the
biexponential relaxation.
If quadrupolar fluctuations are the dominant source
of relaxation, as would be expected for 8Li+ diffusion,
then on the low temperature side of the T1 minimum,
where the fluctuations are slow compared to ωL, the
relaxation may be intrinsically biexponential for spin
I = 2.58,59 However, these Redfield-theory calculations
of R(t, t′) differ in several key assumptions from our situ-
ation, specifically: 1) the initial state of the optically po-
larized 8Li spin is quite different;47 2) we are not always in
the extreme high field limit; and 3) one dimensional hop-
ping yields a non-Debye fluctuation spectrum.67,68 More-
over, above the T1 minimum, where the fluctuations are
fast, the biexponential should collapse to a single expo-
nential,58 which is certainly not the case here, particu-
larly for the low field data. It remains to be seen whether
a suitably modified theory along these lines could account
for the field dependence of the biexponential at high tem-
peratures.
In contrast, at low temperature, we suspect the relax-
ation has a significant, possibly dominant, contribution
from the polaron magnetic moment. Here, the spectrum
of magnetic field fluctuations is naturally field dependent,
yielding a strongly field dependent λ. In this case, some
of the fast component at low fields would cross over to
the high field slow component as λ(B0) decreases with
increasing field. A detailed field dependence of the relax-
ation at low field would help to confirm this. The char-
acter of the relaxation (magnetic, quadrupolar or mixed)
can also be tested by comparison with another Li isotope,
such as the spin 3/2 9Li as has been recently demon-
strated.100 It is important to recall that the amplitude of
the relaxing signal is temperature independent even at
low field, meaning that we do not have a fraction of the
signal that is so fast relaxing that it is lost (wiped out)
as has been seen in 7Li NMR from polarons in the per-
ovskite Li3xLa2/3−xTiO3.98 Thus if a significant fraction
of 8Li+ forms the bound complex here, then its relaxation
remains measurable even at low field.
Appendix B: The 4c Site
The quadrupole splittings depend sensitively on the
8Li+ site and its symmetry, and with the angular de-
pendence of the splittings [Eqs. (3), (4), and (5)] com-
bined with calculations of the EFG (including lattice re-
laxation), one might be able to make a site assignment.
Here we set out a few properties of the most likely site
(4c) to make some initial observations based on the site
symmetry in an ideal lattice.
The 4c site is coordinated by two near-neighbour and
four more distant oxide ions in a shortened octahedron.
As can be seen in Fig. 9A, the axis of the two nearest-
neighbour oxide ions alternates from one site to the next
along c by 90◦. Beyond the first coordination, there
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FIG. 9. View of the near-neighbour atoms to lithium(green)
in the 4c site, showing their 90◦ alternating coordination axis
between neighbouring 4c sites along the c-axis channels. The
nearest-neighbour atoms are indicated here by connecting
grey cylinders. (A) The two nearest-neighbour oxygen(red)
atoms. (B) Two nearest-neighbour titanium(blue) atoms.
are two nearest neighbour Ti on opposite sides, and the
Ti−Li−Ti direction also alternates between [100] and
[010] along the channel, shown in Fig. 9B. Overall, the
site has 2/m symmetry with the two-fold axis parallel to
c. This symmetry is too low to yield an axial EFG, so η
is nonzero, and may even approach 1; however, if we con-
sider fast hopping along the c-axis, and the alternating
character of the adjacent sites, one expects that the time-
average EFG will become (four-fold) axisymmetric. This
should be the case at room temperature, where there is
clear evidence for Li+ diffusion, and a simple test of an
axial angle dependence could confirm this.
The characteristics of this site are also important in de-
termining properties of the Li+-polaron complex. Here,
one of the two neighbouring titanium is 3+, rather than
4+, which further lowers the site symmetry and alters
the EFG. Calculations suggest that the polaron is mainly
mobile along the stacks of adjacent edge-sharing TiO6
octahedra in the c direction12,23,26,27 and it is unable to
move to the other Ti neighbour on the far side of the Li
site. Notice that if the polaron does hop to the next Ti
along the stack, it is not the near neighbour of the adja-
cent Li site, but of the second nearest Li site along the
chain. This is easily seen by the alternation of Ti−Li−Ti
mentioned above (see Fig. 9B). If the bound complex
moves in tandem, with the polaron remaining in a single
TiO6 stack, then fast motional averaging should not re-
sult in an axisymmetric EFG, in contrast to the case of
free Li+diffusion.
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